1. The interaction of electron-transporting particles from heavy mitochondria of ox heart with several fluorescent probes was examined. 2. 1-Anilinonaphthalene-8-sulphonate and 2-(N-methylanilino)naphthalene-6-sulphonate both show an energy-dependent response. 3. Energy transfer between the electron-transporting particles and the dyes and the kinetics of the dye-particle interaction were studied in order to locate the binding regions in the membrane. 4. The energy-dependent probe responses were shown to be a result of changes in the quantum yield of fluorescence of the bound dyes together with increased binding of the dyes to the energized membrane. 5. Fluorescence lifetime measurements were also used to observe changes on energization. 6. A new type of probe was found in pyrene-3-sulphonate, which may be regarded as a 'volume indicator' for the internal membrane binding region, since it shows a concentration-dependent excimer fluorescence. 7. By comparing the responses of all these dyes when energized particles are uncoupled, a membrane transition with a time-constant of 2-3s is inferred.
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Non-covalently adsorbed fluorescent molecules can yield information about protein or lipoprotein structural changes through the effect of the protein environment on the probe fluorescence. Such applications of fluorescent dyes were first proposed by Weber & Laurence (1954) , who noted that the fluorescence of ANS* was strongly affected on binding to bovine serum albumin. It was demonstrated that the quantum yield and emission spectrum of this molecule was sensitive to solvent polarity (Stryer, 1965; Turner & Brand, 1968) . This probe has subsequently been used for structural studies on a number ofproteins (Stryer, 1965; Weber & Young, 1964; Anderson & Weber, 1966) , for detection of conformational changes in proteins (Dodd & Radda, 1967; McClure & Edelman, 1967; Cheung & Morales, 1969) and for following the rate ofa proteinconformational change (Dodd & Radda, 1969) .
The interaction of ANS with submitochondrial particles and the fluorescence of the complex have been studied (Azzi, Chance, Radda & Lee, 1969; Freedman, Hancock & Radda, 1969; . ANS interacts with the membrane fragments to give a typical enhancement and blue-shift of fluorescence. Addition of oxidizable *Abbreviations: ANS, 1-anilinonaphthalene-8-sulphonate; MNS, 2-(N-methylanilino)naphthalene-6-sulphonate; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; ETPH, electron-transporting particles (from heavy mitochondria of ox heart).
substrates or ATP leads to a further increase in fluorescence that is reversed by uncouplers. This increase is therefore dependent on coupled electron transport, and may be said to reflect the 'energy state' of the membrane. Using oxygen pulse experiments, Azzi et al. (1969) demonstrated that the time-course of the changes in ANS fluorescence lagged behind those of oxidation and reduction of the cytochrome chain. It was deduced that the ANS changes reflect a change in conformation of membrane structural components. We have also studied the interaction of ANS with erythrocyte stroma, as another membrane with which to compare the phenomena observed in mitochondrial fragments Freedman et al. 1969) . The effect of ions on the fluorescence of ANS-stroma complexes has also been reported (Rubalcava, de Munoz & Gitler, 1969) .
In this study we examine further the nature of the changes in probe fluorescence with energy state of the particles in order to characterize more fully the nature of the probe sites and of the environmental change that the probes detect. We have done this by resolving the fluorescence change into changes in quantum yield and changes in amount of bound dye, by examining the kinetics of the ANS-particle interaction, by studying singlet energy transfer from tryptophan groups of the particles to the bound dye and by fluorescence lifetime measurements. In addition, we have studied other probe molecules in 721 722 J. R. BROCKLEHURST, R. B. FREEDMAN, D. J. HANCOCK AND G. K. RADDA 1970 order to determine the essential structural and optical properties for sensitivity to membrane energy state. In particular, we have studied several environmentally sensitive analogues of ANS, and investigated a new type ofprobe whose fluorescenceemission spectrum is strongly dependent on its local concentration because of the occurrence of fluorescence from excited-state dimers (excimers) (D6ller, 1962) .
MATERIALS AND METHODS
Mitochondria were prepared from bullock hearts, collected from freshly slaughtered animals, by the method described by Smith (1967) . The heavy mitochondria were stored frozen in a medium containing sucrose (0.25M), tris-HCl buffer, pH7.8 (10mM), sodium succinate (1mM), ATP (1 mM) and MgCl2 (1 mM). Coupled electron-transporting particles (ETPH) were prepared by sonication of the mitochondria in the presence of MgCl2, MnCl2, ATP and sodium succinate as described-by Beyer (1967) . The particles were resuspended and stored in a solution containing mannitol (225mM), sucrose (75mM) and tris-HCl buffer, pH7.4 (20mm). Erythrocyte stroma was prepared by the method of Dodge, Mitchell & Hanahan (1963) . Protein concentrations were determined by the FolinLowry method (Lowry, Rosebrough, Farr & Randall, 1951) , with crystalline bovine serum albumin (Armour Pharmaceutical Co. Ltd., Eastbourne, Sussex, U.K.) as the standard. ANS was purified as described by Dodd & Radda (1969 Unless otherwise mentioned, 20mM-tris-HCl buffer, pH7.4, containing 225mM-mannitol and 75mm-sucrose was used throughout.
Fluorescence studies were performed on a Zeiss spectrofluorimeter or on a more sensitive instrument developed in this laboratory (Dodd & Radda, 1969 BO= 1/(6.9 x 10-33 Ts Jv)
The refractive index commonly taken for proteins is 1.6 (Stryer, 1959) and this value was assumed here. 90 is the mean of the wavenumbers of the absorption and corrected emission maxima of the donor. For tryptophan in ETPH and erythrocyte stroma the emission maxima (corrected by comparison with the absolute emission spectrum of tryptophan; Teale & Weber, 1957) By identical procedures, Jv for membrane tryptophan to MNS was found to be 1.96 x 101 I cm3 mM-2, so that for this pair of chromophores Ro = 25.5 A.
RESULTS
Polarity-dependent probes Time-course of enhancement. On addition of ETPH to a solution of ANS or MNS in water a rapid rise in fluorescence is seen followed by a very small time-dependent increase. As for the interaction of ANS with sonicated erythrocyte membranes , nearly all the enhancement is too rapid to be observed conventionally and the half-life of the fast phase is less than 5ms as measured in a rapid-flow apparatus (B. Chance & G. K. Radda, unpublished work). The rate of the slow phase depends on the structure of the probe, but varies little with the concentration ofthe probe. Thus the half-life is 60s for MNS and 15s for ANS with a probe concentration in the range 10-50,UM and ETPH concentration 0.2mg/ml.
Effect of succinate. As reported by Azzi et al. (1969) , the addition of succinate to a mixture of ANS and ETPH leads to a slow enhancement of the ANS fluorescence with no instantaneous phase. We consider that this further enhancement indicates 'energization' of the particles.
A similar effect is observed with MNS as the probe ( Fig. 1 ), but the measured rate is lower. In contrast, none of the uncharged derivatives of MNS shows any response to succinate. The half-lives for the succinate-dependent MNS response depend on the total concentration of MNS (Fig. 2) ; the rate increases with increasing MNS concentration. If particles are allowed to equilibrate with succinate and the probe is then added, both a rapid and a slow phase of enhancement are seen. Fig. 1 shows that all the additional MNS enhancement is in the slow phase. The same is true for ANS, with which we have compared the rapid enhancement with resting particles, the rapid enhancement with 'energized' particles and the total enhancement with both states of the particles as a function of ANS concentration (Fig. 3) . The half-time of the fluorescence enhancement on addition of succinate to ANS-ETPH is about 30s, whereas the half-time of the slow phase of enhancement on addition of ANS to succinate + ETPH is 15-20s. Conen. of ANS (ltM) Fig. 3 . Titration of fast and total enhancements of energized and non-energized particles. The particles used (O-ESMP) were prepared by Dr C. P. Lee and behaved comparably with ETPH (Azzi et al. 1969 ); they were used at a concentration of 0.16mg/ml. Curves 1 and 2, fast and total enhancements respectively of ANS fluorescence on addition to non-energized particles; curves 3 and 4, fast and total enhancements respectively oh addition of ANS to energized (with l0mM-succinate) particles. ETPH. The concentration of ANS was 5tLM; excitation was at 380nm and emission at 480nm. Curve 1, ETPH in standard buffer; curve 2, NaCl added to 0.5M. a fixed value of total probe and extrapolating the reciprocal plot to infinite concentration, it is possible to estimate the dye fluorescence in the limit where all the dye is bound. Fig. 4 shows that these extrapolated intercepts differ for energized and nonenergized particles, so that a change in quantum yield is involved. The intrinsic fluorescence at 480nm of ANS bound to energized particles is 2.5-fold that of ANS bound to resting particles, and the corresponding ratio for MNS at 440nm is 2.3. The error in the extrapolated ratio of intensities is not more than 10% on the basis ofanumber oftitrations. This effect is in contrast with the enhancement brought about by increasing the ionic strength, where no change in the quantum yield is observed (Fig. 5) . The fluorescence of dye-particle complexes is also enhanced by lowering the pH, and at pH 3 both quantum yield and binding changes contribute to the increased fluorescence (Table 1) . Within a range of probe concentrations it is possible to obtain a meaningful titration curve by keeping the particle concentration constant. Such titration curves can be analysed by Scatchard's method, by using the values for fluorescence of bound material derived from the double-reciprocal plots in Fig. 4 . The results in Fig. 6 show that energization does increase the affinity of the membrane for the dye, but does not alter the number of 10 in the quantum yield of the bound dye could be responsible for the enhancement. By performing a titration in which protein concentration is varied at 24 28 MEMBRANE STUDIES WITH FLUORESCENT PROBES Kinetic studies. At most probe concentrations the increase in intensity on energization is the result both of changes in quantum yield of fluorescence of bound dye and of further binding of the dye. The rate of enhancement on energization is thus fairly complex, and is further complicated when succinate is used because of the slow utilization of succinate by the particles. Some of these complications may be eliminated by observing the transition in the opposite direction. When energized particles with ANS or MNS are rapidly treated with FCCP (2.5DM) the decline in fluorescence can be analysed as a sum of two exponential decays by plotting log (Fo-F4*/(F-F0,) against time (Fig. 7) . The half-life for the slow phase is 12 ± I s when ANS is used and 60± lOs with MNS as the probe. The rapid phase of the fluorescence decrease gives a half-time of 2.5 +0.5s with either MNS or ANS as the probe. Similar curves were obtained by using pyrene-3-sulphonate as the probe (see below). For comparison, the rate of decline in fluorescence when a probe-particle mixture is rapidly diluted was also determined. Small quantities (20 ,l) of ETPH (15 mg/ml) and probe (1 mM) were first equilibrated and then rapidly mixed into a cuvette containing buffer. The rate of fluorescence change showed only one phase with a half-time of 12 ± 2s for ANS.
Fluorescence lifetimes. The lifetime of free ANS is too short to be measured accurately with our apparatus, but when the dye interacts with particles a longer lifetime is observed. For both ANS and MNS complexes the decay curves could not be fitted by a single exponential, so that the bound probe molecules are heterogeneous with respect to fluorescence lifetimes. Fig. 8 shows decay curves for the ANS complex and the shape of the lamp pulse. The early part of the curve for MNS could be fitted with a simulated decay of 3ns, whereas the latter part showed a lifetime of 6ns when unenergized particles were used. Because ofthe small separation ofthetime-constants for the two lifetimes and the possibility of several lifetimes the actual values must be regarded as covering a range oflifetimes. However, on energization the lifetimes for MNS increased to 4 and 8ns, reflecting the change in quantum yield. For ANS Time (s) Fig. 7 . Kinetics of probe fluorescence changes on uncoupling of energized ETPH. The concentration of ETPH, energized with 25mM-succinate, was 0.5mg/ml; probe concentrations were 1OItM, and uncoupling was carried out with FCCP (2.5ptm). Curve 1, with ANS, halftinres 12 and 2.5s; curve 2, with pyrene-3-sulphonate, excited at 350nm and observedat 500nm, half-times 30 and 2s; curve 3, with MNS, half-times 60 and 2.5s. The determination of half-times for the fast phases requires correction of the observed fast rate by the contribution of the slow phase. the lifetimes were 5 and 9ns with a small increase on energization. Because of the difficulty of separating the two or more lifetimes we have attempted to assign the observed total fluorescence changes in energization to species with different lifetimes by another procedure. For instance, when the decay curve for the particle-ANS complex is photographed at intervals after energization or uncoupling (Fig. 8 ) the percentage change in intensity of the signal close to the maximum of the lamp flash is less than that at later stages of the decay (e.g. 20-30ns after the flash). This indicates that the decay curve in the energized system contains a greater proportion of longer-lived components, so that energization leads to an increase in the proportion of bound molecules with longer lifetimes. By using the sampling oscillo- Time (s) Fig. 9 . Kinetics of uncoupling of the fluorescence decay curve observed at fixed delay times. Conditions were as described for Fig. 8 . The sampling unit was set to monitor continuously at a given point of the decay curve (arrows at 4 and 36ns marked on Fig. 8 ). The signal on the oscilloscope was fed to a conventional recorder.
scope in the appropriate manner it is also possible to select manually any part of the nanosecond decay curve, and the fluorescence intensity at that particular point can be converted into a recorder output. In this case we can follow the kinetics of energization or uncoupling at fixed time-intervals after the nanosecond flash. Fig. 9 shows the kinetics of uncoupling, by FCCP followed by ANS as the probe, measured at 4 and 36ns delays after the lamp flash on the decay curves. These curves show that the percentage change is larger when the uncoupling is followed at the 36ns point than when it is followed at the 4ns part of the curve.
Fluorescence polarizations. The polarizations of fluorescence of ANS (25,uM) respectively. In all these measurements polarized exciting light was used and corrections were made in the usual way (Dodd & Radda, 1969) for instrumental polarization. It is impossible to exclude entirely the occurrence of some depolarization due to scattering of the emitted light. An estimate of this depolarization was obtained by measuring the polarization of a 'dansylated' bovine serum albumin sample in the presence and absence of ETPH (0.3mg/ml). Only a small change, from 0.2 to 0.17, was observed on the addition of particles and no further change was found on energization of ETPH by succinate. Energy transfer. Some information about the environment of the probe can be derived from observations of energy transfer between membrane components and the bound probe. The excitation spectrum (Fig. 10) of bound ANS shows a maximum at about 280nm, which is absent for ANS in water or ethanol. This is indicative of energy transfer between tryptophan groups of the membrane and the bound probe. MNS also shows this effect. If the probe-particle complexes are excited at 290nm and the emission spectra are observed, curves are obtained like those in Fig.I 1. As probe concentration is increased, the membrane fluorescence is quenched (after allowing for the inner filter effect). The existence of an isoemissive point provides further evidence for energy transfer and supports the method Wavelength (nm) Fig. 11 . Emission spectra ofMNS-ETPH. The concentration of ETPH was 0.15mg/ml; excitation was at 290nm.
Curves 1-4, 5utM-, 10,tM-, 25B,M-and 50j,M-MNS respectively.
of calculation of bound dye concentration, as it implies that the quantum yield of the bound dye is independent of the number of sites occupied (Anderson & Weber, 1965) . Since the membrane tryptophan emission does not change shape, the corrected signal at 290-335nm is taken as a measure of the quantum yield of membrane tryptophan fluorescence. The transfer efficiency, T, is given by T=1 -QT/QO where QT is the quantum yield of donor in the presence of transfer and Q0 is that in the absence of transfer. From the fluorescence of the ANS complexes at 380-480nm the concentration of the probe in the membrane is derivable. At a given total concentration of membrane and probe, the transfer efficiency is greater in the energized complexes, but allowing for the greater concentration of bound dye no change in intrinsic transfer efficiency was observed on energization.
The time-courses of enhancement at 440nm on addition of MNS to energized particles when exciting directly (365nm) or in the energy-transfer mode (290nm) were compared. The proportion of the enhancement that is fast is 50% when observed after direct excitation and 60% when excited through energy transfer (MNS 10,uM, ETPH 0.32mg/ml). Similar differences have been consistently observed at a variety of MNS concentrations.
Because ofthe better overlap between tryptophan emission and the dye absorption band for MNS than for ANS the transfer efficiencies are considerably higher for the former dye, but the derived distances are very close to those measured by transfer to ANS (Table 3) .
Pyrene-3-ulphonate, an exoimer-forming probe.
Like pyrene and other pyrene derivatives, pyrene-3-sulphonate exhibits fluorescence properties that are concentration-dependent (Doller, 1962) . Thus at low concentrations the emission maximum is at about 400nm, whereas at higher concentrations first a shoulder and later a distinct emission peak can be observed at 500nm (Fig. 12) (Fig. 13) . Addition ofthe uncoupler FCCP to the energized particle-pyrene-3-sulphonate mixture again leads to a decrease in the pyrene-3-sulphonate fluorescence at 500nm and a corresponding increase at 400nm. These changes can again be analysed as a sum of two exponentials, the half-life of the first phase being 2.5s and that of the second phase 30s (Figs 7 and 13 ).
In the absence of energized particles the emission spectrum of 25jum-pyrene-3-sulphonate contains only the 400nm peak, but on addition of energized ETPH a distinct increase at 5OOnm was observed (Fig. 12) . In contrast with the other probes, when pyrene-3-sulphonate is added to ETIPH only a slow increase is observed at SOOnm over that of the fluorescence of the free dye. DISCUSSION Azzi et al. (1969) have shown previously that the changes in ANS fluorescence brought about by substrates ofthe respiratory chain are energy-linked. MNS and the polarity-insensitive probe pyrene-3.
sulphonate are also indicators of energy-linked changes.
For a full interpretation of these changes it is first necessary to gain some insight into the location ofthe probes in the membrane. Kinetically we have distinguished two rates of enhancement for ANS and MNS. The simplest interpretation ofthis is that the fast enhancement represents binding to easily accessible sites ('fast' sites) and that the slow enhancement represents interaction with sites that require penetration of the probe into the membrane ('slow' sites) . The distances measured on the basis of energy-transfer efficiencies put the location of the two environmentally sensitive probes close to the protein. This conclusion is supported by the observation that when ANS binds to pure proteins the average distances between the tryptophan residues and the dye are also in the range 16-25 A (Weber & Daniel, 1966 It is noteworthy that the binding constants for the ANS and MNS interaction are similar in both ETPH and erythrocyte stroma. This similarity is also apparent in the low polarization of fluorescence for the bound dyes in both systems. The value of about 0.2 is much lower than would be expected (cf. Dodd & Radda, 1969) if the dye-membrane complex were rigid, and suggests either flexibility in the membrane or some movement of the noncovalently linked dye. From the enhancement and shift of the dye fluorescence on binding, the region of interaction may be said to be hydrophobic, but it is not possible to assign a dielectric constant for the binding region because other factors (e.g. immobilized water) may also contribute to the modification of the excited state of the dye. Intuitively, then, one may place the probes at polar-non-polar interfaces.
From the various titrations with polaritydependent probes it emerges that the enhancement of the probe fluorescence on energization is due partly to an increase in quantum yield of emission of the bound dye molecules, and partly to an increased affinity for dye, resulting in additional binding. This additional binding is also demonstrated by the observation that the rate of succinatedependent probe response depends on the nature of the probe. The increase in the fluorescence lifetime of the probe is at the same time a clear demonstration ofthe change in quantum yield. All the energydependent responses of the probes occur at 'slow' sites (which we regard as sites inside the membrane) (Figs. 1 and 3) .
The change in quantum yield and the movement of the probe can be more clearly separated byfollowing the kinetics of the fluorescence changes on uncoupling the energized particles. The slow phase of the decline can be associated with the efflux ofprobe molecules due to looser binding. It occurs at a different rate for each probe, and the rate is comparable with that found by simply diluting the conjugates. The initial fast phase of the uncoupling change occurs with a halftime of 2-3s and is independent of the nature of the probe (Fig. 7) . This suggests that this fast phase may represent a change in the membrane structure. A value of 2-3 s for the half-time of the membrane transition has also been found by extrapolating the rate of enhancement of fluorescence on addition ofNADH to infinite protein concentration, where there is no ANS flux Chance et al. 1969 ).
We are now in a position to compare the changes observed with pyrene-3-sulphonate as the probe and those observed with the polarity-dependent probes. The general features of the pyrene-3-sulphonate response at 500nm are similar to those of the other probes. In particular the response is energy-linked and shows an identical fast phase and a different slow phase on uncoupling. It is thus reasonable to suggest that, in terms ofthe structural transitions of the membrane, the same transitions are measured by this probe as by the naphthalene derivatives. However, the origins of the fluorescence changes are different; the emission of pyrene-3-sulphonate at 500nm is due to the excimer that is formed by the interaction of a molecule in its excited state with one in its ground state: emission 400nm P * +P = (PP)* -+ emission 500nm Any change at 500nm must be accompanied by a reciprocal change at 400nm if it is due to excimer. Excimer formation requires sufficient freedom of movement of the dye molecules during the excitedstate lifetime (50ns). Since this emission is observed in the membrane, it implies mobility of the probe, as suggested on the basis of polarization of fluorescence measurements with the other probes. From the comparison ofthe uncoupling kinetics measured by the different probes we can conclude that the membrane transition with half-life 2-3s leads to a decrease in the excimer fluorescence. This could be due to one of two causes: an increase in the viscosity of the microenvironment of the dye or an increase in the average separation of dye molecules brought about by an increase in the volume of the binding region. From the change in the polarization of fluorescence of MNS and ANS and also the change in the average lifetimes of these dyes in the two states of the membrane one can calculate any viscosity change from the relation: P1 (Po-P2) T2'71 P2 (Po-P1) T17V2 where the subscripts 1 and 2 refer to the two states, and p, T and X have their usual meaning. Within the accuracy of the lifetime measurements we find no changeinviscosity. Weregardpyrene-3-sulphonate as a 'volume indicator' for the internal binding region of the responsive probe molecules. This conclusion is also supported by the observation that pyrene-3-sulphonate excimer emission in the membrane is only observed in the 'slow' sites.
None of the fluorescence changes we observed can be associated with the redox changes in the electrontransport chain, as shown by the lack offluorescence changes in the presence of uncouplers and by the rates of the changes, which are always lower than the changes in the redox state ofcytochrome oxidase (Azzi et al. 1969 ). Thus we can conclude that
